The emergence of antibiotic resistance in Mycobacterium tuberculosis has raised the concern that pathogen strains that are virtually untreatable may become widespread. The acquisition of resistance to antibiotics results in a longer duration of infection in a host, but this resistance may come at a cost through a decreased transmission rate. This raises the question of whether the overall fitness of drugresistant strains is higher than that of sensitive strains-essential information for predicting the spread of the disease. Here, we directly estimate the transmission cost of drug resistance, the rate at which resistance evolves, and the relative fitness of resistant strains. These estimates are made by using explicit models of the transmission and evolution of sensitive and resistant strains of M. tuberculosis, using approximate Bayesian computation, and molecular epidemiology data from Cuba, Estonia, and Venezuela. We find that the transmission cost of drug resistance relative to sensitivity can be as low as 10%, that resistance evolves at rates of Ϸ0.0025-0.02 per case per year, and that the overall fitness of resistant strains is comparable with that of sensitive strains. Furthermore, the contribution of transmission to the spread of drug resistance is very high compared with acquired resistance due to treatment failure (up to 99%). Estimating such parameters directly from in vivo data will be critical to understanding and responding to antibiotic resistance. For instance, projections using our estimates suggest that the prevalence of tuberculosis may decline with successful treatment, but the proportion of cases associated with resistance is likely to increase.
D
espite the development of a number of effective treatments over the past half century, tuberculosis remains one of the most destructive bacterial infections in humans. A third of the world's population carries the bacterium, and even though it remains latent in most of these cases, it is responsible for Ϸ1.6 million deaths each year (1) . In addition to this persistent death rate, an increasing number of strains that are resistant to one or several of the available treatments have been observed. Indeed, recent years have seen the emergence of extensively drugresistant strains (XDR TB), that are resistant to almost all available antibiotic treatments (2) . In this article we address the question of whether the overall reproductive fitness of drugresistant strains is higher than that of sensitive strains Ϫessential information for predicting the spread of the disease (3) .
Potentially mitigating the spread of antibiotic resistance is a possible biological cost to fitness associated with drug resistance. Evidence for this cost comes from in vitro competition studies of drug-resistant bacteria (4, 5) . For instance, in the case of tuberculosis, the relative growth advantage of drug-resistant strains from clinical isolates has been shown to be between 0.71 and 1.16 in an in vitro competition assay (6) . This observation suggests that a typical resistant strain in the epidemiological context may have at most a mild transmission cost. Furthermore, mutations that compensate for the fitness cost may occur in the wild (6) . Therefore, the fitness of drug-resistant strains in the epidemiological context could be as high as that of the sensitive strains or even higher (7, 8) .
Estimates of relative fitness have also been obtained by using odds ratios derived from molecular epidemiological data (9) . These estimates indicate a wide range of fitness costs associated with resistance, including the possibility that some resistant strains bear no fitness cost.
With little fitness cost to the resistance phenotype, one expects transmission of resistant strains to be a substantial contributor to the prevalence of drug resistance. This idea is supported by studies showing resistant isolates to be genetically homogeneous in some geographic areas (10, 11) . Other studies argue for the importance of acquired resistance given the genetic heterogeneity of resistant isolates in other areas (12) , and that serial samples from patients reveal the relatively frequent occurrence of drug resistance mutations (13) . The significance of acquired resistance is also supported by the observation that prior treatment is a major risk factor for multidrug-resistant tuberculosis in Europe (14) . Because it is difficult to determine the source of resistance for any given case, in practice, cases are categorized as ''primary'' if patients were never treated or treated for Ͻ1 month, and as ''acquired'' if patients were treated for Ͼ1 month (15) . This is an imperfect classification for understanding the relative contributions of transmission and the de novo evolution of resistance because the acquired category also includes the possibility of transmitted resistant strains. There is a need to quantify these contributions more carefully.
The emergence of drug-resistant Mycobacterium tuberculosis has been studied through mathematical modeling. Through these models parameters such as detection rates and treatment success rates have been identified as important epidemiological factors (7, 8, (16) (17) (18) (19) . Mathematical models describing drug resistance dynamics rely on assumptions about the relative fitness of drug-resistant strains, among other factors. Accurate estimates of the underlying parameters are of critical importance to predicting the spread of drug resistance (20) .
One approach to measuring the relative fitness of resistant strains is to use molecular epidemiological data that allow classification of isolates into genotypic classes (clusters). The relative fitness of resistant strains compared with that of sensitive strains has thereby been quantified from a comparison of their genetic clustering (9) . Such methods are indirect in that the dynamics of tuberculosis transmission, evolution of resistance, and mutation of molecular markers are not explicitly taken into account. By mathematically modeling these stochastic processes simultaneously and applying modern computational Bayesian methods of inference (21), we improve these estimates of the relative fitness. Additionally we estimate the cost to transmission incurred by resistance, the rate of acquisition of drug resistance due to treatment failure, and we quantify the relative contributions of resistance evolution (acquired) versus transmission of resistant strains (primary).
In this study, we estimate these quantities using detailed molecular data from M. tuberculosis strains isolated from Cuba (22), Estonia (10) , and Venezuela (23) . Inference in a Bayesian framework involves constructing a likelihood function for the observed data by using a stochastic model. The level of realism attained by using the stochastic model we have developed (see Fig. 1 ) makes it impractical to work with likelihood functions directly. We therefore use a recently proposed form of approximate Bayesian computation (21) . This methodology approximates posterior distributions of the parameters by simulating datasets under the model and comparing these with empirical data through a weighting function involving summary statistics.
Results
The posterior point estimates obtained from the approximate Bayesian computation procedure can be summarized as follows. The transmission cost of resistance is Ϸ0.1 for the data from Cuba and from Estonia and Ϸ0.7 for the data from Venezuela. Estimates of the rate of evolution of resistance vary from 0.0025 (Cuba) to 0.020 (Venezuela). Table 1 provides point estimates with credibility intervals of these parameters, and Fig. 2 shows marginal posterior distributions.
Because strain fitness depends on both the transmission rate and the duration of infection, the transmission cost of resistance alone does not capture the overall fitness cost. The fitness of resistant strains relative to sensitive strains gives a measure of the overall advantage (or disadvantage) that resistance confers and can be expressed in terms of the model parameters (Eq. 1). Our results, using stochastic models with epidemiological data, provide statistical evidence that the population-level fitness of drug-resistant tuberculosis could be as high as that of drug-sensitive strains. Our estimates of the relative fitness of drug-resistant strains vary from Ϸ0.3 in Venezuela to Ϸ1.0 in Cuba and Estonia (Table 1 and Fig. 2 ).
We examined the relative contributions of treatment failure and the direct transmission of resistant strains to the ascendance of drug resistance. Our results suggest that direct transmission, rather than evolution after treatment failure, is the major factor responsible for the prevalence of resistant strains, with Ͼ90% of resistant cases in Estonia and Cuba attributable to transmission (Fig. 2D ).
Projections were computed by using our model, simulating forwards in time by using the posterior parameter distribution. In these projections both moderate cure rates (based on 50% treatment success) and optimistic cure rates [based on the WHO target of 85% treatment success (1)] lead to a decline in the median total number of tuberculosis cases ( Fig. 3 A and B) . The proportion of these cases that are associated with drug-resistant strains increases ( Fig. 3 C and D) . The decline in the total cases is sharper under the assumption of higher cure rates, but in each scenario, all cases eventually become associated with resistant strains. The epidemiological model. As described in Materials and Methods, the number of individuals in each subpopulation of the model changes according to a stochastic linear birth-death process. The parameters are defined as follows: ␣ is the transmission rate per individual per unit time, c is the transmission cost due to resistance, is the rate of evolution of resistance per individual per unit time, is the rate of detection (and treatment commencement) per individual per unit time, and S and R are the rates of cure due to treatment for sensitive and resistant strains, respectively. The mutation rate of the marker and the rate of death or natural recovery ␦ are not shown in this figure; these occur in every state. Mutation of the marker does not affect the phenotype but gives rise to a new genotype. also gives the proportion of simulations that resulted in extinction of tuberculosis. Increased cure rates lead to local eradication with high probability after 60 y. The methodology used here has heavy computatational demands that constrain the level of realism of the model. However, a cross-validation of our results is possible because the data from Cuba consist of the same isolates typed with two different markers. The shared epidemiological history of these two datasets should produce estimates that differ only in mutation rate. This is broadly what we observe. Indeed, we find that the mutation rate of IS6110 is 5-10 times higher than that of spoligotypes [see supporting information (SI) Appendix], agreeing with previous results (24) .
Discussion
This study reveals relatively high fitnesses of resistant strains in Cuba and Estonia. These high values may reflect an inconsistency in treatment programs in these countries from the 1950s to the 1990s. There may have been long periods of ineffective treatmentindeed, Estonia now has one of the highest rates of multidrug resistance in the world (1). The intermittent presence of drugs and the resulting transmission of resistant strains would have given drug-resistant strains collectively more time within untreated hosts. This may have allowed mutations to evolve that compensate for the fitness cost, resulting in higher relative fitness for resistant strains. In contrast, the lower estimate of the fitness of drug-resistant strains in Venezuela is consistent with the early introduction of an effective national tuberculosis-control program (1936) (1) and a steady decrease in tuberculosis prevalence since 1939 (23) . These results support previous evidence that circulating strains have lower fitness cost (6), suggesting that resistant strains in regions with ineffective control strategies have higher fitness.
We found a high proportion of drug-resistant cases due to transmission compared with the evolution of resistance due to treatment failure in Estonia and Cuba. For these countries, we confirm the interpretation of (10) and others that transmission of resistant strains is the major contributor to the drug resistance problem. This observation suggests that it may be effective to allocate resources to containing the transmission of resistant strains. The relative contribution of transmission in Venezuela is likely to be lower, although it is still high enough to consider focusing on blocking transmission.
Factors other than drug resistance, including host and bacterial factors, are likely to confer differential fitnesses among strains. Previous work provides a method for detecting differences in transmission rates among different genotypes (25) . That study showed, however, that these differences are generally not large and do not occur frequently. Nevertheless a more complex model in conjunction with more detailed data may provide opportunities to further develop our methods to better characterize the dynamics of resistance. For example, stochastic models with multiple states of resistance such as that of (26) can be used to further our understanding of the emergence of multidrug-resistant or extensively drug-resistant tuberculosis.
Accurate estimates of parameters such as the cost of resistance are important for the design of public health measures and predicting epidemiological outcomes. Future prevalence of drug resistance has been intensely debated (3, 7, 18) , and projections depend on knowledge of strain fitnesses. Under the modeling The isolates from Venezuela were genotyped by using spoligotyping (spol.); isolates from Estonia were typed by using IS6110; isolates from Cuba were typed by using both spoligotyping and IS6110-typing. (D) The proportion of resistant cases in the population that arose through treatment failure leading to the evolution of resistance from sensitivity.
assumptions of Cohen and Murray (8) , if the cost to fitness is between 0 and 0.1 (our estimates for Estonia and Cuba), then a peak incidence of Ϸ400-600 infectious tuberculosis cases per 100,000 will occur Ϸ170-220 years after the introduction of antibiotics (figure 2B of ref. 8) . Projections from our stochastic model (Fig. 3) , add to this forecast by suggesting that with an increased case detection and treatment probability (1) of 70%, the prevalence of tuberculosis may decline and the disease may even be locally eradicated. However, the proportion of cases associated with resistance will increase (see Fig. 3 and SI Appendix). We remark that these predictions are likely to be optimistic for two reasons. First, they require consistent and sustained success in detection and treatment over long periods of time. Second, if compensatory mutations occur, the transmission cost would continue to decline, leading to fitter resistant strains and serious epidemiological consequences (27) . The design of effective treatment programmes will need to take account of both the magnitude of the fitness cost, as well as its future evolution via compensatory mutation.
Materials and Methods
We briefly present the model and methods here and provide the details in the SI Appendix; see also Table S1, Table S2, Table S3, Table S4, Table S5 , and Figs. S1-S3 for additional information. To estimate epidemiological parameters from molecular epidemiological data, we (i) develop a stochastic model of the dynamics of tuberculosis transmission, the evolution of drug resistance, and mutation of genetic markers, and (ii) apply approximate Bayesian computation (ABC) to generate posterior distributions of parameters from empirical data. We analyzed data from population level studies of M. tuberculosis isolates from patients in Cuba (22) , Estonia (10), and Venezuela (23). These datasets were identified through a comprehensive examination of a large pool of candidate datasets described in previous work (24) . The key criterion for selection of a dataset was that the full distribution of genotypes in the sample along with the drug-resistance status of every isolate was provided. These datasets used standard methods for molecular typing and drug-resistance testing, they were collected over relatively short time periods, and were from regions where information about the time of introduction of antibiotics is available.
The stochastic model extends a previously described birth-death-mutation model (28) by including antibiotic resistance and sensitivity. A population of infectious individuals is divided into several subpopulations (see Fig. 1 ). This model tracks only infectious cases. Individuals are classified according to whether the strain they are infected with is resistant to at least one antibiotic or not and whether they are undergoing treatment or not. Treated individuals carrying drug-resistant strains are further subdivided according to whether resistance was acquired through treatment failure or through transmission. Individuals move from one subpopulation to another through the acquisition of resistance or the commencement of treatment. They join the system through transmission and leave it through death or recovery. Underlying this model structure is a further classification of individuals according to bacterial genotype.
There are six types of event in this model. Transmission of drug-sensitive strains occurs at a rate of ␣ per case per year. The transmission rate of resistant strains is given a cost c, so that resistant strains transmit at ␣ (1 Ϫ c) per case per year. Note that when the parameter c is positive, it describes a transmission cost of resistance, and when it is negative, there is a transmission benefit to resistance. We assume that the cost to transmission c is independent of marker-based genotypes. Untreated cases are detected and commence treatment at a rate of per case per year. The rate at which drug-sensitive cases acquire resistance due to treatment failure is per case per year. Treated cases recover due to treatment at a rate of S per case per year for sensitive strains and R for resistant strains, with S Ͼ R.
Recovery in the absence of treatment along with death occur at a combined rate of ␦ per case per year. Mutation at the marker of interest occurs at the rate per case per year. The model assumes that each infectious individual carries a single genotype of M. tuberculosis and that the genetic marker is not under selection. The evolution of the molecular marker thus does not influence the transmission dynamics with respect to drug resistance but does allow genetic variation in M. tuberculosis to be tracked. We simulate this process for the purpose of comparison with molecular data. Of the eight parameters in the model, ␦, , S, and R are fixed by using estimates obtained from the literature and the others, ␣, c, , and , are estimated (as shown in Table S1 and discussed in the SI Appendix). Each simulation of this process begins with a population of 4,000 drugsensitive infectious cases and allows the population to evolve for 40 y. This duration models the period between the introduction of antibiotics in these countries in the 1950s and the collection of the samples in the 1990s. In each simulation, the distribution of genotypes in the initial infectious population is randomly generated according to the infinite-alleles model (see the SI Appendix for more details). This has the effect of integrating out uncertainty in the initial distribution. The infinite-alleles model has been shown to adequately describe the distribution of M. tuberculosis genotypes into clusters (24) .
The relative fitness of drug-resistant strains based on this model can be expressed as
as derived in the SI Appendix.
The procedure for Bayesian inference uses the ABC-PRC algorithm proposed in ref. 21 . The algorithm generates a weighted sample from an approximation to the true, but intractable, posterior distribution. The approximation is based on the ability of the model to reproduce informative summary quantities of the data by embedding the intractable target posterior within an augmented model from which sampling is viable. The ability to reproduce summary quantities is evaluated through weighted Euclidean distance between simulated and observed summary statistics. We used 11 summary statistics and weighted them according to their sensitivity to variation in model parameter values. These statistics include the number of distinct genotypes, the proportion of isolates that are drug resistant, and a range of other statistics based on the relationship between resistance phenotype and marker genotype. Table S3 describes these statistics and SI Appendix Section 2 provides further details of the estimation procedure.
The future of drug resistance in M. tuberculosis was explored by using the posterior distribution of parameters obtained through the Bayesian methods and simulating forwards in time. For these projections, we assumed that 70% of cases are detected and treated, which is the target set by the WHO (29), corresponding to ϭ 1.21. We consider two scenarios: (i) moderate cure rates based on 50% treatment success for sensitive cases (see Table S1 ), and (ii) an optimistic cure proportion for sensitive cases of 85%, which is again the WHO target (29) . These success proportions correspond to cure rates of (i) S ϭ 0.52 and R ϭ 0.202 (moderate) and (ii) S ϭ 2.95 and R ϭ 0.47 (optimistic).
